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We point out that existing astrophysical measurements of combinations of the ﬁne-structure constant
α, the proton-to-electron mass ratio μ and the proton gyromagnetic ratio gp towards the radio source
PKS1413+135 can be used to individually constrain each of these fundamental couplings. While the
accuracy of the available measurements is not yet suﬃcient to test the spatial dipole scenario, our
analysis serves as a proof of concept as new observational facilities will soon allow signiﬁcantly more
robust tests. Moreover, these measurements can also be used to obtain constraints on certain classes of
uniﬁcation scenarios, and we compare the constraints obtained for PKS1413+135 with those previously
obtained from local atomic clock measurements.
© 2013 Elsevier B.V. Open access under CC BY license.1. Introduction
Nature is characterized by a set of physical laws and fundamen-
tal dimensionless couplings, and historically we have assumed that
both of them are spacetime-invariant. For the former this is a cor-
nerstone of the scientiﬁc method (it’s hard to imagine how one
could do science at all if it were not the case), but we must re-
alize that for the latter the situation is different: there it is only
a simplifying assumption without further justiﬁcation. It’s remark-
able how little we know about these couplings. We have no ’theory
of constants’, that describes their role in physical theories or even
which of them are really fundamental. Indeed, our current work-
ing deﬁnition of a fundamental constant is simply: any parameter
whose value cannot be calculated within a given theory, but must
be found experimentally.
Fundamental couplings are known to run with energy, and in
many extensions of the standard model they will also roll in time
and ramble in space (i.e., they will depend on the local environ-
ment). In particular, this will be the case in theories with addi-
tional spacetime dimensions, such as string theory. A detection of
varying fundamental couplings will be revolutionary: it will auto-
matically prove that the Einstein Equivalence Principle is violated
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there is a ﬁfth force of nature.
Moreover, even improved null results are important. The simple
way to understand this is to note that the natural scale for cosmo-
logical evolution of one of these couplings (if one assumes that it is
driven by a fundamental scalar ﬁeld) is the Hubble time. We would
therefore expect a drift rate of the order of 10−10 yr−1. However,
current local bounds coming from atomic clock comparison exper-
iments [1], are already about 6 orders of magnitude stronger, and
rule out otherwise viable dynamical dark energy models.
Recent indications [2], from quasar absorption systems ob-
served with HIRES/Keck and UVES/VLT, suggest a parts-per-million
spatial variation of the ﬁne-structure constant α at low redshifts;
although no known model can explain such a result without con-
siderable ﬁne-tuning, it should also be said that there is also
no identiﬁed systematic effect that can explain it [3]. One possi-
ble cause for concern is that almost all of the existing data has
been taken with other purposes in mind (and subsequently rean-
alyzed for this purpose), whereas this kind of measurements need
customized analysis pipelines and wavelength calibration proce-
dures beyond those supplied by standard pipelines. An ongoing
ESO UVES Large Program dedicated to fundamental physics will
soon provide further measurements which may shed light on this
issue. A review of the subject, including an overview of various as-
trophysical measurement techniques, can be found in [4].
In the meantime, one can take the various existing mea-
surements at face value, and try to ascertain whether they are
consistent with one another. In this Letter we focus on three
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stant α, the proton-to-electron mass ratio μ and the proton gy-
romagnetic ratio gp towards the radio source PKS1413+135 at
redshift z ∼ 0.247 [5–7]. Together, these allow us to individually
constrain each of these couplings. Although these constraints are
relatively weak, our analysis serves two different purposes: apart
from the aforementioned consistency check, it’s also a proof of
concept since forthcoming observational facilities will signiﬁcantly
improve existing measurements and allow for much stronger tests.
In addition to their intrinsic test as precision consistency tests
of the standard cosmological model, these tests of the stability of
fundamental constants can also be used to obtain constraints on
certain classes of uniﬁcation scenarios. This has been previously
done for local (redshift z = 0) tests, using comparisons of atomic
clocks [8]. In this sense the current Letter is an extension of this
formalism to the early universe. In a subsequent, longer paper we
will extend this analysis to measurements at other redshifts.
2. Varying couplings and uniﬁcation
We wish to describe phenomenologically a class of models
with simultaneous variations of several fundamental couplings, in
particular the ﬁne-structure constant α = e2/h¯c, the proton-to-
electron mass ratio μ =mp/me and the proton gyromagnetic ratio
gp . The simplest way to do this is to relate the various changes to
those of a particular dimensionless coupling, typically α. Then if
α = α0(1+ δα) and
X
X
= kX α
α
(1)
we have X = X0(1+ kXδα) and so forth.
The relations between the couplings will be model-dependent.
We follow the analysis of [9,10], considering a class of grand uni-
ﬁcation models in which the weak scale is determined by dimen-
sional transmutation and further assuming that relative variation
of all the Yukawa couplings is the same. Finally we assume that
the variation of the couplings is driven by a dilaton-type scalar
ﬁeld (as in [11]). For our purposes it’s natural to assume that par-
ticle masses and the QCD scale vary, while the Planck mass is ﬁxed.
We then have
me
me
= 1
2
(1+ S)α
α
(2)
(since the mass is simply the product of the Higgs VEV and the
corresponding Yukawa coupling) and
mp
mp
= [0.8R + 0.2(1+ S)]α
α
. (3)
The latter equation is the more model-dependent one, as it re-
quires modeling of the proton. At a phenomenological level, the
choice S = −1, R = 0 can also describe the limiting case where α
varies but the masses don’t.
With these assumptions one obtains that the variations of μ
and α are related through
μ
μ
= [0.8R − 0.3(1+ S)]α
α
, (4)
where R and S can be taken as free phenomenological (model-
dependent) parameters. Their absolute value can be anything from
order unity to several hundreds, although physically one usually
expects them to be positive. (Nevertheless, for our present pur-
poses they can be taken as free parameters to be constrained by
data.) Further useful relations can be obtained [12–14] for the pro-
ton g-factor,Table 1
Current combined measurements (with one-sigma uncertainties) at z ∼ 0.247 to-
wards the radio source PKS1413+135.
Q AB Q AB/Q AB Reference
α2gp (−2.0± 4.4) × 10−6 Murphy et al. [5]
α2×1.57 gpμ1.57 (5.1± 12.6) × 10−6 Darling [6]
α2×1.85 gpμ1.85 (−11.8± 4.6) × 10−6 Kanekar et al. [7]
gp
gp
= [0.10R − 0.04(1+ S)]α
α
. (5)
Together, these allow us to transform any measurement of a com-
bination of constants into a constraint on the (α, R, S) parameter
space.
3. Measurements towards PKS1413+135
The spectrum of the radio source PKS1413+135 includes a
number of interesting molecular absorption as well as emission
lines; the source is at the center of an edge-on spiral galaxy, and
the absorption occurs in the galaxy’s disk. From comparisons of
different lines one can obtain measurements of several combina-
tions of the fundamental couplings α, μ and gp . The underlying
analysis methods are beyond the scope of this Letter, but the
reader is referred to [4] for an overview of the subject. Speciﬁ-
cally, three different (independent) measurements exist, which are
summarized in Table 1:
• Murphy et al. [5] use a comparison of 21 cm HI absorption
with molecular rotation absorption lines, which is sensitive to
α2gp .
• Darling [6] uses a combination of 18 cm OH lines and 21 cm
HI lines which is sensitive to α2×1.57gpμ1.57, cf. [15]. (Note
that the constraint on α alone discussed in the paper is ob-
tained if one assumes that only α varies while μ and gp are
constant.)
• Kanekar et al. [7] use conjugate 18 cm OH lines which are
sensitive to α2×1.85gpμ1.85, cf. [16].
Note that the ﬁrst two are null results while the last measurement
is a detection at more than two standard deviations. In all cases
we deﬁne relative variations as
Q
Q
= Q (z = 0.247) − Q (z = 0)
Q (z = 0) . (6)
From the three measurements we can obtain individual bounds
on the variation of each of the couplings. Fig. 1 shows the two-
dimensional likelihood contours in all relevant planes; notice the
obvious degeneracies between the three parameters. The corre-
sponding one-dimensional relative likelihoods are shown in Fig. 2.
At the one-sigma (68.3%) conﬁdence level we ﬁnd
α
α
= (−5.1± 4.3) × 10−5, (7)
μ
μ
= (4.1± 3.9) × 10−5, (8)
gp
gp
= (9.9± 8.6) × 10−5, (9)
and at the two-sigma level all are consistent with a null result.
These constraints are still relatively weak, and in particular do not
yet provide a test by the dipole of Webb et al. [2]. However, im-
provements of one order of magnitude in each of the combined
measurements (which are well within the reach of forthcoming fa-
cilities) should turn this into a stringent test.
M.C. Ferreira et al. / Physics Letters B 724 (2013) 1–4 3Fig. 1. Two-dimensional likelihood contours for the relative variations of α, μ and
gp between z = 0.247 and the local value (z = 0). Solid, dashed and dotted lines
correspond to one-, two- and three-sigma contours (68.3%, 95.4% and 99.97% like-
lihood, respectively).
4. Constraints on uniﬁcation
The bounds obtained in the previous section can now be trans-
lated, using Eqs. (4) and (5) into constraints on the phenomeno-
logical uniﬁcation parameters R and S . Indeed, the astrophysical
measurements restrict the two functions of R and S to be
0.8R − 0.3(1+ S) = −0.81± 0.85, (10)
0.10R − 0.04(1+ S) = −1.96± 1.79. (11)
Fig. 3 shows relevant contours in the R–S plane, assuming the
values of Eqs. (7)–(9). Each of the above relations will determine a
degeneracy direction in this plane, which are displayed in the ﬁrst
of the ﬁgure’s panels; the combination of the two is then shown
in the bottom panel. It’s easy to show (simply by solving the aboveFig. 2. One-dimensional relative likelihoods (marginalized over the other quantities)
for the relative variations of α, μ and gp between z = 0.247 and the local value
(z = 0).
Fig. 3. Two-dimensional likelihood contours in the R–S plane; the top panel sepa-
rately shows the degeneracy directions singled out by the μ–α and gp–α relations
(the latter one having larger error bars), while the bottom one shows the combined
contours. Solid, dashed and dotted lines correspond to one-, two- and three-sigma
contours (68.3%, 95.4% and 99.97% likelihood, respectively).
equations) that the most likely values of R and S given the current
data are approximately
R ∼ 277.8, (12)
S ∼ 742.5, (13)
although as the ﬁgure shows a strong degeneracy is still present.
Interestingly this degeneracy direction is effectively the same as
4 M.C. Ferreira et al. / Physics Letters B 724 (2013) 1–4Fig. 4. Two-dimensional likelihood contours in the R–S plane. The broader contours
correspond to constraints at z = 0, coming from atomic clocks and discussed in [8].
The smaller contours correspond to the combination of the atomic clock constraints
with the ones for PKS1413+135. Solid, dashed and dotted lines correspond to one-,
two- and three-sigma contours (68.3%, 95.4% and 99.97% likelihood, respectively).
the one obtained from atomic clock measurements at z = 0 and
obtained in [8]. Fig. 4 shows the likelihood contours for R–S in
this case, as well as the result of the combination of the atomic
clocks and PKS1413+135. The latter results dominate the analysis,
and effectively select a sub-region from the band in the R–S plane
deﬁned by the atomic clock data.
From this analysis we can ﬁnally obtain the best-ﬁt values for
R–S; at the one-sigma conﬁdence level we obtain
R = 277± 24, (14)
S = 742± 65. (15)
Although the notion that there is a ‘standard’ model for uniﬁca-
tion is debatable, it has been argued—particularly in [9] and refer-
ences therein—that typical values for these parameters are R ∼ 30
and S ∼ 160 (although these values certainly include a degree of
uncertainty). Current constraints from atomic clocks [8] are fully
consistent with these values, but our present analysis shows that
this is not the case for PKS1413+135.
5. Conclusions
We have used available measurements of the values several
combinations of dimensionless fundamental couplings towards
PKS1413+135 to obtain individual constraints of the variations of
α, μ and gp . The precision of the available measurements is not
yet suﬃcient to provide a useful test of the spatial dipole scenario
[2]. However, with a next generation of observational facilities be-
coming available, this source can eventually provide a useful test.
We have also used our results to derive constraints on the class
of uniﬁcation scenarios described in [9], and compared them with
those previously obtained from local atomic clock measurements.
Analogous consistency tests were performed in [17–19], with someassumptions on the redshift evolution of the variations. Our anal-
ysis, although focused on a speciﬁc class of models, has the con-
ceptual advantage that no such assumptions are needed.
Our analysis shows that both types of measurements prefer uni-
ﬁcation models characterized by a particular combination of the
phenomenological parameters R and S , with the PKS1413+135
providing stronger constraints on these parameters. It is notewor-
thy that the parameter values preferred by the current data do not
coincide with (arguably naive) expectations on uniﬁcation scenar-
ios. A discussion of the causes and implications of this result is
beyond the scope of the present work.
In any case our results motivate the interest of further, more
precise measurements of fundamental couplings towards this and
other similar astrophysical sources. More generally, they also high-
light the point that the early universe is an ideal laboratory in
which to carry out precision consistency tests of our standard
cosmological paradigm and search for and constrain new physics.
Future facilities such as ALMA, the E-ELT, the SKA and others will
play a key role in this endeavor.
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